electric vehicles. [1] The next-generation LIBs must meet a multitude of stringent requirements, including excellent cycle stability, high capacity, high energy and power densities, high safety, and low cost. [2] As an alternative to the graphite anode for commercial LIBs, Si has attracted considerable attention, due to its high theoretical capacity of 3579 mA h g −1 , low operating potential, abundance, and low cost. However, the practical applications of Si-based anode materials are hindered by low Li + diffusivity and electrical conductivity and especially by drastic volume changes (≈300%) during lithiation/delithiation. The latter problem can cause Si pulverization, loss of electrical contact, and consumption of active Li associated with the unstable evolution of solid electrolyte interphases (SEIs). As a result, Si-based anodes generally exhibit low Coulombic efficiency, poor cycle stability, and rate capability. [3] To address these problems, one effective approach is to use Si nanoparticles (NPs) for the facile accommodation of large volume changes. But the high specific surface area associated with nanomaterials causes aggregation of Si NPs during cycling and provides plenty of active surface sites to form SEIs. Moreover, repeated expansion and contraction of Si NPs induce fracture and uncontrolled formation of Si/C composites represent one promising class of anode materials for next-generation lithium-ion batteries. To achieve high performances of Si-based anodes, it is critical to control the surface oxide of Si particles, so as to harness the chemomechanical confinement effect of surface oxide on the large volume changes of Si particles during lithiation/delithiation. Here a systematic study of Si@SiO x /C nanocomposite electrodes consisting of Si nanoparticles covered by a thin layer of surface oxide with a tunable thickness in the range of 1-10 nm is reported. It is shown that the oxidation temperature and time not only control the thickness of the surface oxide, but also change the structure and valence state of Si in the surface oxide. These factors can have a strong influence on the lithiation/delithiation behavior of Si nanoparticles, leading to different electrochemical performances. By combining experimental and modeling studies, an optimal thickness of about 5 nm for the surface oxide layer of Si nanoparticles is identified, which enables a combination of high capacity and long cycle stability of the Si@SiO x /C nanocomposite anodes. This work provides an in-depth understanding of the effects of surface oxide on the Si/C nanocomposite electrodes. Insights gained are important for the design of high-performance Si/C composite electrodes.
SEIs. Consequently, a continuous consumption of active Li and electrolytes can still lead to low Coulombic efficiency, increased impedance, and fast capacity fading of the Si NPs-based anodes in LIBs.
Among Si-based anodes, Si/C composites are considered as one of the most promising class of anode materials that can achieve a large-scale industrial production for commercial use and ultimately replace the graphite anode. [4] The carbon coating layer has been shown to reduce side reactions with the electrolytes and increase the electrical conductivity, so as to enable an improved cycle stability and high rate capability. [5] However, due to the inherently weak interaction between Si and carbon, Si has a tendency to separate from the conductive carbon network and then expose more fresh surface, resulting in the formation of new SEIs during long-term electrochemical cycling. Therefore, various interfacial modifications between Si and carbon have been studied. Hassan et al. used Si-sulfur-graphene to develop a robust hierarchical nanoarchitecture, which prevented agglomeration of Si, stabilized the electrode and SEIs, leading to a superior reversible capacity of over 1000 mA h g −1 for 2275 cycles at 2 A g −1 . [6] Han et al. prepared mesoporous Si particles encapsulated in the interfacial Si-N-C layer to enhance interactions between Si and carbon as well as to form a stable SEI layer, which resulted in a high electrochemical performance. [7] Sun et al. showed that by tailoring the Si-carbon interface with atomic oxygen, the cycle life of Si/C composite electrodes can be improved by 300% even at high mass loadings. [8] The exposed fresh surface of Si can react with oxygen to form a surface layer of SiO x . The presence of the surface SiO x layer has been shown to alleviate the agglomeration among Si particles and enhance the adhesion between Si and graphene. [9] In addition, SiO x can react with Li to form Si, Li x O and lithium silicate in different forms during the first lithiation process, which could constrain the volume expansion of Si in subsequent cycles. [10] Therefore, it is necessary to investigate the effects of surface oxide on the Si/C composite electrodes in a controllable and quantitative manner, which is essential to their applications in next-generation LIBs. In a recent paper, Cui and co-workers investigated individual Si nanowires with and without surface oxide before and after lithiation by ex situ transmission electron microscopy (TEM). [10a] Their results indicated that the thickness of surface oxide and the size of nanowire critically affected the lithiation-induced volume expansion and electrochemical cycling characteristics. However, the effects of surface oxide on the volume change of Si NPs in practical electrodes could be more complex than those on individual nanowires revealed by ex situ TEM. Hence, it is important to conduct a more in-depth study of the Si/C nanocomposite anodes with different extents of surface oxidation of Si NPs.
In this paper, we prepared a series of Si@SiO x /C nanocomposite anodes with controlled surface oxide thickness. We conducted the structural characterization, electrochemical measurement, and chemomechanical simulation for those nanocomposite systems. The optimal conditions of surface oxide were studied in order to achieve high performances of Si@SiO x /C nanocomposite anodes. The integrated experimental and modeling studies indicate that the Si@SiO x /C nanocomposites with thick surface oxides lead to low Li diffusion/reaction kinetics and self-limiting lithiation, resulting in a low capacity but long-cycle stability. By contrast, thin surface oxides give rise to a high capacity but low cycling stability. This can be attributed to the limited mechanical constraints by the thin surface oxides, leading to surface cracking and degradation of Si NPs. Our results show that an optimal thickness of about 5 nm for the surface oxide layer enables a combination of high capacity and cycle stability for the Si@SiO x /C nanocomposite anodes. Finally, we note that the surface oxide can also influence the formation and evolution of SEIs; their effects on the electrochemical performance are not clearly understood and warrant further study in the future. [11] 2. Results and Discussion
Structure and Morphology
A series of Si@SiO x /C nanocomposite anodes were synthesized in this work, as described in detail in the Experimental Section. The Si@SiO x /C NPs in the nanocomposite have a core of crystalline Si, an inner shell of thermally grown amorphous SiO x with controlled oxidation extent, and an outer shell of carbon coating. TEM experiments were performed to characterize the oxide thickness, microstructure, and interfacial morphology of the Si@SiO x NPs prepared with different oxidation conditions. As shown in Figure 1a , as-received Si NPs are about 30 nm in diameter. Fast Fourier transform (FFT) analysis of the marked areas indicates that the Si NPs have a core of crystalline Si and a thin shell of amorphous SiO x . To tune the thickness of the amorphous SiO x shell, the initial oxide layer of about 4 nm thick on the surface of as-received Si NPs was removed by washing with HF acid, and subsequently a native oxide layer of about 1 nm thick was formed when Si NPs were exposed in air. These NPs were further oxidized to increase the thickness of the oxide layer in the range of 1-10 nm, as controlled by the oxidation temperature and time. Figure 2a -e shows the characterization results of microstructure and composition of the Si@SiO x NPs with different oxide layer thicknesses. In the X-ray diffraction (XRD) patterns, a broad hump centered at 2θ of 21.8° is seen and the peak intensity increases with the increasing oxidation temperature and time, which is characteristic of amorphous Si suboxides. [10c] The Bragg diffraction peaks of crystalline Si confirm the presence of crystalline Si, which is encapsulated in the amorphous SiO x shell, as shown by the TEM images in Figure 1 . The Fourier transform infrared (FTIR) spectra of different Si@SiO x NPs (Figure 2b) show three characteristic peaks around 1100, 810, and 480 cm −1 , which can be assigned to the asymmetric SiOSi bond stretching, SiO 4 tetrahedron ring, and OSiO bond deformation, respectively. [12] The shapes and positions of the peaks vary for different samples. The increase of peak intensity and blue shift with the increasing oxidation temperature and time can be associated with a thicker SiO x layer and a higher valence state distribution of Si in SiO x . Hence, these results indicate that both the thickness and composition (Si/O ratio and defects in SiO x ) of the oxide layers can be controlled by varying oxidation conditions. [13] Furthermore, all the Raman spectra of Si@SiO x NPs with different oxide layer thicknesses ( Figure 2c ) show a single Raman band corresponding to nanocrystalline Si, which has a large extent of red shift compared to that of the Si wafer (520 cm −1 ); this change can be attributed to the effect of slight destruction of the lattice structure in nanocrystalline Si compared to the reference Si wafer. Furthermore, there also exists a small extent of blue shift with increasing oxidation temperature and time among samples with different oxide layers; this is likely due to the fact that a strong optical phonon mode of Si crystal confined in the SiO x matrix can affect the lattice vibration mode of Si. Interestingly, compared to the sample oxidized at 750 °C for 20 min, the Si NPs oxidized at 750 °C for 30 or 40 min show red shift in spite of their increasing oxidation extent, which implies the poor quality of the oxide layer derived from change of its microstructure that can be correlated to their inferior electrochemical cyclic stability as discussed below. The above results indicate that the quality of oxide layers formed on the surface of Si NPs is not only dependent on oxide thickness, but also influenced by composition, which could affect the corresponding electrochemical performance.
To further clarify the chemical environment of Si in different Si@SiO x nanocomposites, we carried out quantitative 29 Si magic angle spinning (MAS) nuclear magnetic resonance (NMR) analysis. As shown in Figure 2d ,e, all the samples show a pronounced resonance centered around −81 ppm and a small and broad resonance centered around −109 ppm. The former is assigned as the covalently bonded Si atoms in crystalline Si and the latter is assigned to tetrahedral coordinated Si atoms in the amorphous SiO x environments, respectively. [14] The decrease in peak intensity of the crystalline Si and the concerted increase in peak intensity of the amorphous SiO x further indicate an increased ratio of SiO x versus Si with extended oxidation. Moreover, the peak of crystalline Si is shifted toward high field direction and the peak width is broadened, which may correspond to an increase of the compressive stress leading to a slight structure change in the lattice of bulk Si due to the thicker oxide layers under extended oxidation. On the other hand, the peak of amorphous SiO x is also shifted toward the high field direction, implying that the valence state of Si becomes higher with extended oxidation. Therefore, Si NPs oxidized under different conditions not only show the difference in the thickness of oxide layers, but also the chemical characteristics of Si in the SiO x layers, which can influence the stress generation and lithiation dynamics in Si@SiO x NPs.
The scanning electron microscopy (SEM) images in Figure S1a Figure S1c of the Supporting Information were annealed for preparing the carbon-coated Si NPs in Figure S1d of the Supporting Information. These carbon-coated Si NPs have a high carbon content of 18.47 wt% and their morphology is apparently different from that of Si NPs with a native oxide layer. As indicated by circles in Figure S1d of the Supporting Information, floc-like carbon is readily found. Such kind of carbon can block the agglomeration of Si NPs and also connect Si NPs through a fine conductive network. Moreover, the binder-free monolithic structure is porous for infiltration of electrolytes into the bulk electrode, so as to promote charge transfer and ion diffusion.
The chemical characteristics of Si in the SiO x layers of different Si@SiO x /C nanocomposite electrodes are determined by X-ray photoelectron spectroscopy (XPS), as shown in Figure 3 . The Si 2p peak is corrected according to C 1s peak centered at 284.8 eV. Obviously, there are broad peaks within the range of 102-107 eV in all the measured samples, which are fitted with four peaks belonging to Si + , Si 2+ , Si
3+
, and Si 4+ of the amorphous SiO x layer. [15] Compared to the results of as-received Si NPs in Figure 3a , the averaged binding energy of Si in the SiO x layer in Figure 3b moves to a lower energy, indicating that HF acid can effectively remove the initial oxide to form a native oxide in air. Furthermore, with increasing oxide thickness, the averaged valence of Si in the SiO x layer also increases ( Figure 3c ,d). It is clear that the native SiO x layer has a tendency to turn into a SiO 2 layer during continuous oxidation, which may negatively change the electrochemical activity of SiO x and, however, positively influence their mechanical confinement effect. In addition, the peaks centered at around 99.5 eV are fitted into two peaks related to Si 2p 1/2 and Si 2p 3/2 which are attributed to the signal from Si clusters/domains remaining in the SiO x layer or/and the crystalline Si under the oxide layer, as the thickness of the SiO x layer could be slightly less than the penetration depth of the X-ray photoelectron. With the increasing oxidation of the SiO x layer, the Si signal decreases gradually and eventually disappears in the sample oxidized at 850 °C for 20 min, which does not necessarily imply the disappearance of crystalline Si, but rather indicates the disappearance of XPS detectable Si with an increased thickness of the SiO x layer.
Electrochemical Properties
To understand the effect of surface oxide on the performance of Si@SiO x /C nanocomposites, electrochemical measurements were carried out. parameters are summarized in Table 1 . The gravimetric specific capacity is calculated based on the mass of the entire electrode, thus accounting for the contribution of amorphous SiO x and C to the total capacity. From elemental analysis, the contents of C, H, and N on electrode after annealing were 18.47, 0.87, and 4.75 wt%, respectively. During the first lithiation and delithiation, the Si NPs with the native oxide layer of ≈1 nm thick show the specific capacities of 2580 and 2129 mA h g −1 , respectively, which correspond to an initial Coulombic efficiency of 83%. A rapid capacity drop occurs in the early cycles, which indicates fast degradation of the native oxide layer, leading to an irreversible consumption of active Li. With an increase of degree of oxidation, the cycle performance is improved. Especially, for the sample oxidized at 750 °C for 20 min, giving an oxide layer of ≈5 nm thick, the specific capacities during the first lithiation and delithiation are respectively 2209 and 1777 mA h g −1 , which correspond to an initial Coulombic efficiency of 80%; the capacity decreases slowly, reaching 783 mA h g −1 after 300 cycles. However, for the sample oxidized at 750 °C for 30 min, giving an oxide layer of ≈6 nm thick, the specific capacities are stable during the first 100 cycles, but decrease markedly after 100 cycles. This is similar to the fast capacity decrease of the Si NPs with the native oxide layer. As the oxidation temperature or/and time are further increased, the cycle performance is improved again, but the reversible capacity is lower, especially in the sample oxidized at 850 °C for 20 min giving an oxide layer of 10 nm thick. Hence, the above results indicate that one can adjust the oxidation conditions to achieve different electrochemical performance. For example, the sample with an oxide layer of 5 nm thick exhibits a higher capacity, while the sample with an oxide layer of 8 nm thick enable a better cycle performance at a lower capacity. According to previous work, [10a] the large volume expansion of lithiated Si NPs could be suppressed by surface oxide, due to the lithiation-induce hydrostatic compressive stress that limits the extent of lithiation. However, this simple argument is at variance with our results. To study the relationship between oxide thickness and electrochemical performance, the Si@SiO x /C nanocomposite electrodes with different oxide layer thicknesses are cycled by starting with a discharge process, which corresponds to lithiation of the electrodes between 5 mV and 2 V at a current density of 210 mA g −1 in a half-cell at 30 °C. The measured lithiation-delithiation profiles at different cycles are shown in during the first cycle are compared in Figure S2b of the Supporting Information. Interestingly, the sample oxidized at 750 °C for 20 min with a surface oxide layer of ≈5 nm thick exhibits a sharp peak at 0.07 V, which may correspond to a stable lithiation process due to the well-formed oxide layer and the stable SEI layer with superior mechanical properties despite large volume expansion during lithiation. The inset in Figure S2b starts in SiO x and C, and then proceeds in Si, as shown clearly for the cases of as-received Si and Si with native oxide with an extra peak at around 0.4 V. This could be attributed to better lithiation of SiO x and C without further thermal oxidation treatment. On the other hand, the formation stage of SEI layers is much different. With increasing oxidation extent, especially for the sample oxidized at 850 °C for 20 min, giving an oxide layer of 10 nm thick, a broad peak in the range of 0.6-1.0 V is observed, which could be attributed to the formation of SEIs on the surface of the electrode by reductive decomposition reaction of electrolytes. These results indicate that different oxides formed on the surface of Si NPs play an important role in the formation of SEI layers that may affect the cyclic stability. During cycling, the sample with a native oxide layer of 1 nm thick shows more severe polarization and rapid capacity decay from the very beginning of lithiation and delithiation, while the capacity of the sample oxidized at 750 °C for 30 min (giving the oxide layer of 6 nm thick) starts to deteriorate after 50 cycles. However, the sample oxidized at 750 °C for 20 min (giving the oxide layer of 5 nm thick) exhibits a slow capacity decay without a drastic capacity drop. Moreover, for the sample oxidized at 850 °C for 20 min (giving the oxide layer of 10 nm thick), starting from the second cycle, the potential difference decreases and the delithiation capacity increases, indicating the activation of active materials due to slow and continuous lithiation of the thick SiO x layer, which is effective to reduce the charge-transfer resistance. Therefore, surface oxides can not only affect the kinetics of lithium insertion and extraction, but also influence the formation of SEI layers, leading to different electrochemical behaviors.
As shown in Figure 5a , all the Nyquist plots are composed of a depressed semicircle at high-medium frequency and an inclined tail at low frequency after delithiation in the second cycle. The depressed semicircle is associated with the total resistance of the SEI film, interphase contact and charge transfer, and the inclined tail represents the Li ion diffusion process. [16] To compare the reaction kinetics of Li + with different Si@SiO x /C nanocomposite electrodes, all the semicircles are fitted through an equivalent circuit model in Figure 5b , and the resistance values of samples with different oxide layers are presented in Figure 5c . It is seen that with an increasing degree of oxidation, the resistances of different electrodes increase except for the samples oxidized at 750 °C for 30 and 40 min. Combining the above results with the cycle performance in Figure 4a , we note that the surface oxide layers on Si NPs formed at 750 °C for 30 and 40 min (giving an oxide layer of 6 nm thick) exhibit the most favorable electrochemical activity due to the enhance Li-ion and electron transfer at the electrode-electrolyte interface. However, these electrodes have relatively low cycle stability, which can be due to the poor mechanical stability induced by large volume changes during lithiation/delithiation cycling. Therefore, Si NPs with the optimal oxide thickness of 5 nm show a good combination of electrochemical activity and cycle stability.
Modeling of Optimal Oxide Thickness
To provide a theoretical understanding of the optimal surface oxide thickness, a chemomechanical model is developed to simulate the lithiation process of a representative Si NP covered with a SiO 2 surface layer of different thicknesses, as shown in Figure S3 of the Supporting Information. Similar to our previous modeling work of Si lithiation, [17] a nonlinear diffusion model is used to simulate the two-phase lithiation in the Si NP; and an elastic-perfectly plastic constitutive model is used to simulate the mechanical response of the lithiated Si. The elastic modulus and yield stress of the lithiated Si are assumed to depend linearly on Li concentration. For the thin surface layer of the lithiated SiO 2 , we assume it has a uniform Li distribution and a constant elastic modulus of 90 GPa, which is sufficiently large to represent the effect of mechanical constraint on the expansion of the lithiated Si. Previous in situ TEM experiments have revealed the self-limiting lithiation in Si nanowires and NPs, [18] which can be attributed to the high compressive stresses generated at the two-phase boundary (i.e., lithiation reaction front) as well as in lithiated Si. To account for this effect, we set a critical pressure above which the lithiation process effectively stops. The corresponding volume fraction of the unlithiated Si is determined for Si NPs with different oxide layer thicknesses. Figure 6a shows the calculated volume fraction of unlithiated Si as a function of the oxide thickness for two representative critical pressures, e.g., 2.5 and 4.0 GPa. It is seen that an increase of oxide thickness leads to an increased volume fraction of unlithiated Si. In addition, an increase of the critical pressure enables an increased extent of lithiation and thus reduces the volume fraction of the unlithiated Si. Figure 6a also indicates that a thinner surface oxide imposes less constraint on the self-limiting lithiation of Si NPs and thus leads to a more effective utilization of active Si. This can result in a larger expansion of the lithiated Si NP and thus a higher tensile hoop stress near the outer surface of the oxide layer, as shown in Figure 6b . The high tensile hoop stress can cause surface cracking and even fracture of the NP, [19] leading to fast capacity fade. It should be noted that the largest tensile hoop stress in the outer oxide layer occurs near the interface between the Si NP and SiO x oxide layer, as shown in Figure S4b of the Supporting Information. However, it is reasonable to assume the initiation of fracture from the outer surface of the SiO x oxide layer, as shown by our previous in situ TEM observation. [19] Hence we plot in Figure 6b the tensile hoop stress near the outer surface of the oxide layer. The competing effects of self-limiting lithiation and oxide fracture result in an optimal regime of the oxide thickness. As depicted in Figure 6c , in the limit of a very thin oxide (i.e., the yellow region on the left), the weak mechanical constraint gives rise to a delay of self-limiting lithiation and thus a buildup of high stress in the oxide layer. This can lead to oxide fracture and fast capacity decay. By contrast, in the limit of a very thick oxide (i.e., the yellow region on the right), the strong mechanical constraint enhances the effect of self-limiting lithiation. This can reduce the utilization of active Si and thus the capacity of the electrode. In addition, since the specific capacity of SiO x is lower than that of Si, the thick oxide also contributes to capacity decrease. Therefore, the intermediate oxide thickness of around 5 nm (the green region in Figure 6c ) allows a balanced electrochemical performance with high capacity and stability of the Si@SiO x /C nanocomposite electrode. Hence, our modeling study provides a rational understanding of the optimal oxide thickness from the perspectives of mechanical constraints and degradation of surface oxides, while other factors such as the lithiation/delithiation rate effects in oxides as well as the formation and evolution of SEIs have not been clearly understood and require a more in-depth study in the future.
To further investigate the effects of oxide thickness, we show in Figure 7a the ex situ Raman spectroscopy of Si@ SiO x /C nanocomposite electrodes with different oxide thicknesses after the second delithiation to 2 V. [20] In principle, the sharp peak centered at ≈515 cm −1 due to the F 2g mode arises from scattering of the first-order optical phonon of crystalline Si, while the broad peak centered at ≈480 cm −1 corresponds to the presence of amorphous Si. It is seen from Figure 7a that for the electrodes composed of Si NPs with a native oxide of 1 nm thick, there only exists a broad of peak of amorphous Si after the second delithiation. This indicates that the initial crystalline Si core of Si NPs has been fully lithiated, resulting in amorphous Si after the second delithiation and thus a lack of the peak of crystalline Si. With the increasing thickness of surface oxide, the intensity ratio between the sharp peak of crystalline Si and the broad peak of amorphous Si increases gradually. This indicates that a higher extent of surface oxidation of Si NPs leads to less utilization of the crystalline Si core, which can be attributed to the stronger effects of mechanical constraints and associated self-limiting lithiation as shown by our chemomechanical modeling results in Figure 6 . It follows that the unlithiated Si core and the thick shell of surface oxides help improve the cycle performance, despite the reduced capacity. In addition, we note that the changes in the band in Figure 7a are likely due to the phonon confinement effect influenced by size and surface state of Si. Moreover, Figure 7b shows the same D-band and G-band of delocalized sp 2 π bonds in carbon caused by disorder-induced phonon mode and graphite band respectively in all the samples, proving the formation of the same amorphous carbon coating during annealing of PAN. Figure 7c -h shows the SEM images of surface morphology of the nanocomposite electrodes before and after 2 cycles. The electrode of SiNPs with 1 nm thick native oxide exhibits a rough surface morphology comprising of NPs with irregular shapes and nonuniform sizes after 2 cycles (Figure 7f ). This can be attributed to drastic volume changes and severe agglomeration of Si NPs, indicating that the thin native oxide is ineffective to mitigate the degradation of Si NPs. It is one of the main reasons of large capacity loss during initial cycling. With an increasing extent of oxidation of Si NPs, the electrodes after cycling become more uniform and denser especially in those with a surface oxide layer of 10 nm thick (Figure 7g,h) . The well-reserved NPs with regular sizes are linked by carbon networks, thus maintaining the high structural integrity and electronic and ionic conductivities. Figure S5a -c and S6a-f of the Supporting Information further show the surface morpho logies of Si@SiO x /C nanocomposite anodes with different oxide thicknesses after 20 and 300 cycles, respectively. Similar to Figure 7 , Si NPs with 1 nm thick native oxide have fractured into smaller NPs, resulting in highly uneven surfaces that presumably lead to the formation of more SEIs. By contrast, there are less changes of surface morphologies of the electrodes containing Si NPs with a higher degree of oxidation such as those with surface oxides of 5 or 10 nm thick. This indicates the improved structural stability that can be related to the more stable electrochemical cycle performance. 
Conclusion
We have developed a series of Si@SiO x /C nanocomposite electrodes with controlled surface oxide thickness. To focus on understanding the effects of surface oxides, the electrodes are prepared via thermal decomposition of PAN which is used as carbon source, so as to avoid extra binders. We find that the oxidation temperature and time not only change the thickness of surface oxide, but also affect the composition and valence state distribution of Si, all of which can influence the electrochemical performance of the resulting electrodes. Our combined experimental and modeling results show that there exists an optimal surface oxide layer of about 5 nm thick in the Si@SiO x /C nanocomposite, which exhibits a combination of high capacity and cycle stability. For Si@SiO x /C nanocomposite electrodes with thicker surface oxides (e.g., 8 or 10 nm thick), the cycle stability can be improved as less appreciable capacity attenuation is measured up to 300 cycles, but the capacity is reduced due to a limited lithiation extent of Si NPs arising from the constraining effects of thick oxides. Overall, our work demonstrates the critical role of surface oxides of Si NPs in the rational design of Si/C composite electrodes, and insights gained are valuable for the development of other surface-engineered electrode particles for advanced LIBs.
Experimental Section
Preparation of Si@SiO x Nanocomposites with Controlled Oxide Thickness: To study the effects of surface oxide on the Si/C nanocomposite electrode, Si NPs with a uniform size of 30 nm were used. The as-received commercial Si NPs were first dipped in 5 vol% hydrofluoric acid for 30 min to remove the initial surface oxide. After acid treatment, the NPs were filtered from the solution and rinsed with large amounts of water and ethanol to remove excess hydrofluoric acid and residual Adv. Energy Mater. 2018, 1801718 Figure 7 . Raman spectra and SEM characterization for the Si@SiO x /C nanocomposite electrodes. a,b) Raman spectra measured after the second delithiation to 2 V. SEM images of the electrodes are taken c-e) before cycling and f-h) after 2 cycles. Si NPs with surface oxide of (c,f) 1 nm thick, (d,g) 5 nm thick, and (e,h) 10 nm thick. SiF 6− . Then the Si NPs were dried overnight in a vacuum oven at 80 °C. The native oxide was spontaneously grown on the surface of Si NPs when exposed in air. The oxidation temperature and time were further varied to control thickness of thermally grown oxide on the surface of Si NPs. The dried SiNPs were heated to the desired temperature at a rate of 4 °C min −1 in the tube furnace under Ar atmosphere and then held for the desired time under O 2 stream. After this process was completed, the tube furnace was naturally cooled down to room temperature under Ar atmosphere. As a result, SiNPs covered by a thin layer of surface oxide with thickness in the range of 1-10 nm were obtained.
Preparation of Carbon-Coated Si@SiO x (Si@SiO x /C) Electrodes: The binder-free monolithic composite electrodes were prepared by ballmilling and post-annealing. First, the Si@SiO x nanocomposite was dispersed into the liquid dimethyl formamide (DMF) and then mixed with PAN (10 wt% PAN was dissolved in liquid DMF beforehand to obtain a PAN solution) at a mass ratio of 1:1 using an agate jar. The mixture was blended using a planetary ball mill for 3 h at 300 rpm to form a viscous slurry. The slurry was spread onto a copper foil current collector with a diameter of 16 mm and then dried overnight in a vacuum oven at 80 °C to form a monolithic PAN-coated Si@SiO x nanocomposite electrode. The dried PAN-coated Si@SiO x nanocomposite electrode was annealed in a tube furnace with flowing Ar by a series of operation of heating at a rate of 4 °C min −1 to 700 °C, maintaining the temperature for 1 h, and natural-cooling to room temperature. The total active material loaded on an electrode was about 1 mg.
Material Characterization: The morphologies and structures were characterized by SEM (HITACHI S-4800) and TEM (Philips-FEI Tecnai G 2 F20). XRD patterns of the samples were obtained by a Rigaku Ultima IV with Cu Kα radiation. A FTIR spectroscope (Thermo Nicolet 360FT-IR) was used for recording the FTIR spectra of the samples in the range of 400-4000 cm −1 . Raman spectra were collected using a 532 nm laser from Renishaw Raman system. For the preparation of Raman samples after the second delithiation to 2 V, the electrodes were removed from the cycled cells and were rinsed with anhydrous dimethyl carbonate for several times so as to minimize residual electrolytes. Then the electrodes were dried, sealed, and stored in a glove box under argon, and they were exposed to air for ≈30 s when transferred into the Raman spectrometer. XPS spectra were acquired with PHI QUANTUM 2000 spectrometer with monochromatic Al Kα 1486.6 eV radiation, operating at 23.2 W and in a vacuum of <10 −8 Torr. The universal contamination of the CH bond at 284.8 eV was used as a reference for the final adjustment of energy scale in the spectra. The 29 Si solid-state NMR experiments were performed on a Bruker Avance 400 NMR spectrometer with a 29 Si Larmor frequency of 79.5 MHz using Bruker 4 mm double-resonance MAS NMR probe with a spinning frequency up to 12.5 kHz. The spectra were referenced to Li 2 SiO 3 (−74 ppm, 29 Si) and quantitatively analyzed through a known mass of sample used to fill the 4 mm rotor and a known number of scans when collecting the spectra. The 29 Si NMR spectra were acquired using direct polarization with a 90 ° pulse length of 1.5 µs, recycle delay of 90 s and with the bearing gas at room temperature. A Vario EL III (Elementar, Germany) was used to analyze the elemental content of the carbon-coated Si@SiO x nanocomposites. The mass of active material was carefully weighted by a microbalance (METTLER TOLEDO XS3DU) with an accuracy of 1 µg.
Electrochemical Measurements: The electrochemical measurements were carried out using CR2025 coin-type half-cells that were assembled in an argon-filled glove box and then aged for 48 h before testing. The prepared carbon-coated Si@SiO x nanocomposite electrodes served as the working electrode, lithium metal as the counter electrode, and Celgard 2300 as physical separators. The electrolyte for all the tests was 1 m LiPF 6 salt in ethylene carbonate-ethyl methyl carbonate-diethyl carbonate in a 1:1:1 ratio by volume with 10 vol% FEC additive. The assembled half cells were tested galvanostatically between 5 mV and 2 V (vs Li/Li + ) at a current density of 210 mA g −1 on a Land CT2001A system at the temperature of 30 °C. EIS experiments were measured over the frequency ranges from 100 kHz to 10 mHz with an alternative current amplitude of 5 mV on a four-channel multifunctional electrochemical work station (PARSTAT MC) and the resulting EIS data were analyzed with the ZView electrochemical software package.
Chemomechanical Model: To simulate the two-phase lithiation in a Si NP with the resultant core-shell structure and self-limiting behavior, a nonlinear diffusion model was employed. [17] That is, the Li + diffusivity D is taken as a nonlinear function of Li concentration and stress, ε ε ε ε = + + , where . e ε and . p ε are elastic strain rate and plastic strain rate, respectively; the elastic plastic behavior obey Hooke's law and classical J 2 -flow rule respectively;
. c ε is the chemical strain rate caused by lithiation and its component is proportional to the rate of the normalized Li concentration, . c .
, where β ij is the coefficient of lithiation-induced expansion. The above chemomechanical model of coupled Li diffusion and elastic-plastic deformation is numerically implemented in the finite element package ABAQUS. Considering the spherical symmetry, a geometrical model of one quarter of a circle was constructed and the option of axial symmetry in ABAQUS was used, such that the model represents one half of a spherical particle. The coupled temperature-displacement procedure in ABAQUS/Standard is employed to solve the Li concentration and stress-strain field. The NLGEOM option is used to account for large geometrical changes. The temperature field is used to represent the normalized concentration field, since the governing equations of thermal and mass diffusion are identical. Consequently, the lithiation expansion coefficient β ij is equivalent to thermal expansion coefficient. The Li concentrationdependent diffusivity is updated via a user subroutine UMATHT. The volume expansion coefficient was chosen as follows: β ij = 0.447 (when i = j) and 0 (otherwise), giving a total volume increase of 280% for fully lithiated Si; and β ij = 0.3 (when i = j) and 0 (otherwise), giving a total volume increase of 146% for SiO x , as observed in previous in situ TEM experiments. Young's modulus, Poisson's ratio for pristine Si and fully lithiated Si are taken as 160 GPa, 0.24 and 40 GPa, 0.22, respectively; the corresponding yield stress is 5 and 1 GPa; Young's modulus, Poisson's ratio, and the yield stress of partially lithiated Si are given by linear interpolation between the values of Si and fully lithiated Si. For surface SiO x and its lithiated product, Young's modulus is taken as 90 GPa, the yield stress is 5 GPa, and Poisson's ratio is 0.17. The Li diffusivity in SiO x is taken as a constant.
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